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SUMMARY 

This  report  describes  a  pioneering  application  of  laser  Raman  spectro¬ 
scopy  to  real  time  characterization  of  pulsed  laser  damage  to  optical  coat¬ 
ings.  Since  Raman  scattering  results  from  an  electromagnetic  interaction  with 
molecular  vibrations,  this  technique  is  a  direct  probe  of  localized  chemical 
bonding  and  provides  bond  strength  as  well  as  localized  structural  information 
Recent  advances  in  detector  sensitivity  and  increased  fast  gating  capability 
enable  full  Raman  spectra  excited  by  a  single  probe  laser  pulse  to  be  acquired 
on  a  nanosecond  time  scale.  The  in  situ  capability  of  Raman  spectroscopy 
makes  it  an  attractive  technique,  for  probing  chemical  bonding  changes  during 
and  following  high  energy  pulsed  laser  damage  to  optical  coatings. 


/M 


AFWL-TN-84-72 


Section 

1.0 

2.0 

3.0 


4.0 

5.0 


CONTENTS 


Page 


INTRODUCTION  1 

EXPERIMENTAL  SECTION  3 

2.1  OPTICAL  COATINGS  3 

2.2  RAMAN  MEASUREMENTS  4 

RESULTS  5 

3.1  EQUILIBRIUM  DAMAGE  -  SPATIALLY  RESOLVED  STUDIES  5 

3.1.1  ROOM  TEMPERATURE  MEASUREMENTS  5 

3.1.2  HIGH  TEMPERATURE  MEASUREMENTS  7 

3.2  TRANSIENT  MEASUREMENTS  -  TIME  RESOLVED  RAMAN 

SPECTROSCOPY  8 

MECHANISTICS  OF  LASER  DAMAGE  TO  Ti02  COATINGS  9 

CONCLUSIONS  11 


v 


t 


\ 

■w 


► 


AFWL-TN-84-72 


SUMM*  !■ 


ILLUSTRATIONS 


Figure 

1 

2 


3 


4 


5 


6 

7 

8 


9 

10 


Page 

Hypothetical  laser  damage  mechanisms  with  estimated 
relaxation  times  13 

Raman  spectra  of  an  incoated  vitreous  Si02  substrate. 

The  standard  scattering  geometry  designation  is  based 
upon  a_coordinate  system  defined  at  the  sample  where 
Z  and  Z  are  the  incident  and  scattered  laser  directions 
and  X  and  Y  define  which  component  of  the  electric  field 
is  transmitted  by  the  analyzer. 

Raman  spectra  of  a  1592°A  thick  rutile  (Ti02)  coating 
on  Si02 

Raman  spectra  of  a  1811°A  thick  anatase  (Ti02)  coating 
on  Si02 

Localized  molecular  structures  of  rutile  and  anatase 
phases  of  Ti02 

Backscattering  geometry  for  raman  experiment  with  damage/ 
heating  and  probe  beams  col  inear  18 

Signal  delay  schematic  showing  optical  delay  path 

(NOG  refers  to  a  nanosecond  delay  generator)  19 

Photomicrographs  of  T i02  coatings  subjected  to  pulsed 
532  nm  irradiation  above  damage  threshold  (100X 
magnification)  20 

a.  Single  layer  anatase  coating  (0.8  pm) ,  1  shot 

b.  Multilayer  anatase  coating,  1  shot 

c.  Single  layer  anatase  coating,  multiple  shot  damage 

d.  Multilayer  anatase  coating,  multiple  shot  damage 

Laser  induced  damage  in  a  single  layer  (0.9  pm)  Ti02 
(rutile)  coating  on  silica  21 

Raman  spectra  of  a  9587°A  anatase  film  on  silica  before 
and  after  exposure  to  a  single  532  nm  high  energy  pulse  22 


14 

15 

16 

17 


11 


Raman  characterization  of  multiple  laser  pulse  damage 
to  a  9587°A  single  layer  anatase  coating 


23 


AFWL-TN-84-72 


ILLUSTRATIONS  (Contd) 

Figure  Page 


12  Raman  characterization  of  multiple  laser  pulse  damage 

to  a  9587°A  single  layer  anatase  coating  24 

13  Temperature  dependent  raman  spectra  of  rutile  using  a 

C02  laser  as  the  localized  heating  source  25 

14  Raman  spectra  taken  during  an  equilibrium  C02  laser 
heating  experiment  showing  irreversible  transformation 

of  anatase  to  rutile  at  ca,  901°C  26 

15  Reversible  phase  transformations  in  C02  laser  heated 

Zr02  deposited  on  a  metal  substrate  27 

16  Time  resolved  raman  spectra  of  a  rutile  coating  sub¬ 
jected  to  a  high  energy  laser  damage  pulse  showing 
reversible  transformation  to  an  anatase-like  phase. 

Spectra  were  acquired  under  CW  Ar+  excitation  on  a 
millisecond  time  scale.  28 

17  Time  resolved  raman  spectra  of  a  rutile  coating  sub¬ 
jected  to  a  single  high  energy  laser  pulse  acquired 
under  532  nm  NdrYAG  excitation.  Vibrational  lines 
characteristic  of  the  anatase  lines  are  seen  at  short 

times  following  the  damage  pulse.  25 

18  Intensity  variation  of  the  530  cm"1  anatase-like  band 

in  a  rutile  coating  during  laser  induced  damage  (532  nm) 
as  a  function  of  detector  delay  time  30 

19  Induced  polarization  changes  in  a  laser  damaged  Si02 

glass  substrate  as  a  function  of  number  of  pulses.  The 
intensity  ratio  refers  to  transmitted  laser  light  through 
crossed  Polaroid  filters  relative  to  the  parallel  filter 
orientation.  31 

20  Raman  spectra  of  single  layer  Zr02  on  a  metal  substrate 

as  a  function  of  laser  pulse  energy  (The  voltages  refer 
to  laser  power  supply  settings  and  are  proportional  to 
laser  output  power.)  32 


vii/viii 


AFWL-TN-84-72 


1.0  INTRODUCTION 

The  feasibility  of  using  in  situ  Raman  spectroscopy  to  characterize  high 
energy  pulsed  laser  induced  surface  damage  in  dielectric  optical  coatings  has 
been  demonstrated  by  this  nondestructive  inelastic  light  scattering  technique. 
Energy  differences  between  incident  and  scattered  photons  correspond  to  allowed 
vibrational  transitions  of  the  material  under  investigation.  The  number  of 
observed  vibrational  transitions  can  structurally  identify  a  particular  materi¬ 
al  or  phase  while  band  frequency  shifts  correlate  with  chemical  bond  length 
or  bond  angle  changes  induced  by  temperature  or  pressure  effects  (Refs.  1  and 
2).  Raman  optical  measurements  can  provide,  in  theory,  more  extensive  micro- 
structural  information  than  the  reflection  or  transmission  measurements  com¬ 
monly  used  to  indicate  the  onset  of  damage  during  laser  irradiation  testing  of 
dielectric  mirrors.  Raman  information  is  used  to  deduce  a  mechanistic  inter¬ 
pretation  of  the  damage  process  which  will  aid  in  the  development  of  new  coat¬ 
ings  having  higher  optimized  damage  thresholds. 

The  interaction  of  high  energy  laser  irradiation  with  dielectric  surfaces 
which  eventually  results  in  catastrophic  damage  involves  a  number  of  energy 
transfer/relaxation  processes  as  detailed  in  Figure  1.  Rapid  energy  transfer 
from  a  high  energy  laser  pulse  to  an  optical  coating  can  lead  to  structural 
changes  within  the  thin  film  resulting  from  electronic  excitation  and  local¬ 
ized  heating.  Surface  decomposition,  melting,  and  recrystall ization  can  then 
result.  Each  of  these  physical  transformations  is  accompanied  by  marked 
changes  in  localized  chemical  bonding  on  a  time-scale  readily  accessible  to 
state-of-the-art  Raman  measurements.  Therefore,  in  situ  experiments  have  been 
conducted  to  probe  chemical  bonding  changes  in  dielectric  coatings  that  have 
been  subjected  to  intense  pulsed  laser  irradiation. 

Application  of  Raman  spectroscopy  to  characterization  of  thin  optical 
coatings  has  only  recently  been  explored.  Conventional  measurements  of  single 
layer  Ti 0 2  on  silica  have  unequivocally  identified  the  anatase  phase  in  sub¬ 
micron  sputter  deposited  coatings  and  demonstrated  a  linear  correlation  of 
bank  intensities  with  thickness  from  0.1  urn  up  to  several  micrometers  (Ref.  3). 
The  technique  of  interference  enhancement  has  also  been  developed  allowing 
Raman  spectra  of  extremely  thin  films  to  be  measured  (Ref.  4  and  5).  High 
quality  spectra  have  also  been  acquired  from  all-dielectric  multilayer 
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Si02/Ti02  coatings  of  general  or  arbitrary  design  with  no  special  specimen 
preparation  required  (Ref.  6).  The  Raman  technique  is  also  a  sensitive  probe 
of  microcrystall ite  grain  orientation  in  sputtered  coatings  through  polariza¬ 
tion  analysis  of  the  scattered  light.  Furthermore,  suppression  of  substrate 
Raman  scattering  from  coatings  consisting  of  unoriented  grains  can  be  achieved 
through  measurements  of  the  appropriate  polarization  component  of  the  scattered 
light  enabling  extremely  thin  coatings  to  be  characterized  by  this  technique 
(Ref.  7). 

In  this  investigation,  all  coatings  evaluated  were  deposited  onto  fused 
silica  ( S i 0 2 )  substrates.  For  thinner  coatings,  the  weak  substrate  Raman 
scattering  can  be  appreciable  relative  to  scattering  from  the  thin  film  and 
can  obscure  Raman  lines  attributed  to  the  coating.  To  minimize  this  substrate 
interference,  a  technique  has  been  employed  which  takes  advantage  of  the  con¬ 
trasting  polarization  properties  of  Raman  scattering  from  the  fused  silica 
substrate  and  the  fine  grained  coating.  Inherent  molecular  disorder  present 
in  the  fused  silica  results  in  marked  polarization  anisotropy  in  the  Raman 
scattered  radiation  while  scattering  from  the  individual  randomly  orientated 
grains  is  isotropic.  Therefore,  analysis  of  the  perpendicular  component  of 
the  scattered  light  will  consist  almost  entirely  of  Raman  scattering  attri¬ 
buted  to  the  optical  coatings.  This  effect  is  illustrated  dramatically  for 
thin  Ti 02  coatings  on  silica  in  Figs.  2,  3  and  4. 

Raman  spectroscopy  has  been  used  to  evaluate  laser  damage  to  single  layer 
Ti02  coatings  on  silica  and  more  extensive  measurements  on  multilayer  coatings 
are  currently  in  progress.  Conventional  measurements  are  used  to  characterize 
the  equilibrium  damage  state  where  two  col  inear  laser  beams  are  directed  at 
normal  incidence  to  the  sample  under  investigation.  (A  low  energy  continuous 
wave  visible  laser  serves  as  the  Raman  probe  while  a  high  energy  pulsed  laser 
causes  damage  to  the  coatings.)  Raman  spectra  measured  before  and  after  the 
damage  pulse  provide  information  on  the  survivability  of  the  coating  and  sub¬ 
strate  with  respect  to  induced  phase  transformation  and  coating  decomposition. 

A  second  experiment  has  been  designed  to  evaluate  equilibrium  damage  in 
Ti02  optical  coatings  caused  by  changes  in  sample  temperature.  Raman  spectra 
are  acquired  while  the  sample  is  heated  by  an  auxiliary  C02  laser  from  room 
temperature  to  ca  1500°C.  Under  these  conditions  the  sample  is  in  thermal 
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equilibrium  and  the  vibrational  levels  are  populated  according  to  the  Boltzmann 
distribution.  The  Raman  experiment  probes  the  ground  electronic  state.  Equi¬ 
librium  phase  transitions  (anatase-rutile) ,  should  they  occur,  will  be  mani¬ 
fested  in  measured  Raman  spectra. 

To  study  the  dynamics  of  laser  induced  damage  in  optical  coatings,  time 
resolved  Raman  spectroscopy  (TRRS)  was  used.  Spectra  were  acquired  at  various 
delay  times  following  the  damage  pulse.  Under  these  nonequilibrium  conditions 
the  Raman  experiment  probes  the  excited  electronic  states  of  the  material. 
Resonance  enhancement  of  vibrational  lines  is  possible  leading  to  increased 
intensity  of  selective  Raman  modes.  Interpretation  of  measured  spectra  car, 
yield  information  concerning  structure  of  the  excited  state. 

The  primary  candidate  coating  material  chosen  for  this  project  is  Ti02 
deposited  on  silica  substrates  in  both  single  layer  and  multilayer  designs 
although  some  preliminary  data  from  studies  of  Zr02  will  also  be  discussed. 
These  oxides  were  chosen  for  investigation  not  only  because  they  are  techno¬ 
logically  important,  but  because  they  exhibit  relatively  high  Raman  scatter¬ 
ing  cross  sections  and  can  exist  in  several  stable  crystalline  phases  that  are 
readily  discernible  from  measured  Raman  spectra  (Figs.  3  and  4). 

Structures  of  the  anatase  and  rutile  phases  of  Ti02  are  shown  in  Figure  5. 
Titanium  is  localized  in  a  nearly  octahedral  environment  for  both  crystalline 
modifications,  although  Ti02  distances  for  the  lower  density  anatase  phase 
are  somewhat  larger  and  the  planar  oxygen  atoms  assume  a  more  puckered  (tetra¬ 
hedral)  arrangement.  Since  rutile  is  the  more  thermodynamically  stable  phase 
(Ref.  8),  a  thermally  induced  irreversible  phase  transition  is  expected  and 
may  represent  the  primary  damage  mechanism  for  anatase  coatings. 

In  addition  to  dynamic  studies  of  the  laser  damage  process  by  means  of 
time  resolved  Raman  spectroscopy  (TRRS),  spatially  resolved  Raman  measurements 
of  localized  equilibrium  damage  (25  ym  resolution)  will  also  be  reported. 

2.0  EXPERIMENTAL  SECTION 

2.1  OPTICAL  COATINGS 

All  Ti02  and  Zr02  dielectric  coatings  were  prepared  by  reactively 
sputtering  titanium  or  zirconium  in  Ar+/0  atmospheres  in  an  rf  diode  system 
onto  25  mm  dia  fused  silica  substrates.  The  crystalline  phase  of  a  deposited 
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coating  was  controlled  by  appropriate  choice  of  sputtering  parameters;  details 
appear  in  the  literature  (Refs.  9  and  10).  Microcrystall ine  grain  sizes  were 
ca  50  mm  and  coating  thicknesses  varied  from  0.1  pm  to  over  5  pm. 

2.2  RAMAN  MEASUREMENTS 

Raman  spectra  were  excited  at  normal  incidence  using  the  180  deg 
back-scattering  geometry  depicted  in  Fig.  6.  The  sample  was  held  in  a  micro¬ 
positioning  stage  having  spatial  resolution  of  several  micrometers.  Scattered 
light  was  collected  at  f/1.4  and  imaged  onto  the  slits  of  a  SPEX  0.85  m  double 
monochromator .  Dispersed  radiation  was  detected  by  an  RCA  C31034-01  PMT  and 
signals  were  processed  by  conventional  photon  counting  electronics. 

A  gated  intensified  diode  array  detector  was  used  to  record  spectra 
in  a  time  resolved  mode.  In  this  instance,  only  the  entrance  slits  of  the 
monochromator  were  used;  to  reject  Rayleigh  scattered  light  under  these  condi¬ 
tions  a  special  notch  filter  tuned  to  reject  the  probe  laser  wavelength  was 
inserted  in  front  of  the  entrance  slits.  Each  notch  filter  (Omega  Optical) 
had  a  rejection  band  of  15  nm  centered  around  the  primary  Raman  probe  wave¬ 
lengths  of  488  and  532  nm. 

Three  different  laser  beam  excitation  arrangements  were  used.  Equi¬ 
librium  laser  damage  measurements  at  room  temperature  required  col  inear  Ar+ 

Raman  probe  and  Nd:YAG  damage  beams  focused  onto  the  sample  surface.  The  488  nm 
CQ  Ar+  probe  beam  operating  at  200  mW  had  a  50  pm  spot  size  while  the  532  nm 
pulsed  Nd:YAG  damage  beam  operating  from  1-50  mJ/pulse  had  a  500  pm  spot  size. 
(Measured  pulse  widths  were  10  ns.)  The  second  arrangement  required  combining 
the  10.6  pm  CW  C02  beam  used  to  heat  samples  appreciably  above  room  tempera¬ 
ture  with  the  532  nm  Nd:YAG  pulsed  beam  operated  at  a  low  pulse  energy  as  the 
Raman  probe.  Sample  temperatures  were  measured  by  means  of  a  two  color  optical 
pyrometer.  The  final  arrangement  used  the  Nd:YAG  laser  to  both  create  damage 
and  act  as  the  Raman  probe  as  shown  in  Fig.  7. 

A  pellicle  beamsplitter  served  to  split  individual  pulses  into  a 
primary  and  secondary  pulse  which  contained  ca  10  percent  of  the  primary  pulse 
energy.  Figure  7  also  shows  the  electronic  delay  schematic  designed  to  open 
the  array  detector  at  selectable  times  following  arrival  of  the  damage  pulse 
at  the  sample.  The  detector  bandwidth  was  maintained  at  8  ns  for  all  measure¬ 
ments  and  was  controlled  by  means  of  the  Avtech  Model  AVl-V-TNl  pulse 
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generator  which  was  triggered  by  an  electronic  signal  from  the  pulsed  Nd : YAG 
laser  (Quantel  Model  #580)  that  preceded  the  output  laser  pulse  by  an  adjust¬ 
able  time.  Spectra  were  read  from  the  detector  by  a  TN-1710  multichannel 
analyzer  and  stored  on  floppy  disk  for  future  reference.  All  measured  spectra 
were  normalized  to  the  broadband  optical  response  of  the  notch  filter,  mono¬ 
chromator  and  detector. 

3.0  RESULTS 

Optical  coatings  which  have  incurred  irreversible  laser  damage  exhibit 
features  similar  to  those  seen  in  micrographs  of  single  and  multilayer  anatase 
coatings  that  have  been  subjected  to  intense  pulsed  532  nm  radiation  (Fig.  8). 
Evidence  for  coating  ablation  and  recrystall ization  is  apparent  in  each  pic¬ 
ture;  however,  more  homogeneous  damage  centers  are  produced  following  multiple 
laser  shot  exposure  over  the  same  area.  Damage  is  fairly  uniform  over  the 
irradiated  areas  which  have  average  diameters  which  range  from  250  to  750  ym. 
With  proper  optics,  a  Raman  probe  laser  beam  can  be  focused  to  a  1  ym  spot  size 
enabling  surface  profiling  of  the  damaged  region  with  regard  to  identification 
of  crystalline  phases,  decomposition  products,  and  coating  thickness  measure¬ 
ments.  Results  of  such  spatially  resolved  measurements  in  addition  to  in  situ 
Raman  measurements  obtained  in  a  time  resolved  mode  are  discussed  below. 

3.1  EQUILIBRIUM  DAMAGE-SPATIALLY  RESOLVED  STUDIES 
3.1.1  ROOM  TEMPERATURE  MEASUREMENTS 

Thin  film  Ti02  optical  coatings  have  been  characterized  with 
regard  to  phase  identity  and  homogeneity  by  Raman  spectroscopy .  The  Raman 
spectrum  of  a  thin  anatase  film  on  silica  is  depicted  in  Fig.  4.  By  analyzing 
the  Z(X  Y)Z  component  of  the  scattered  radiation,  Raman  scattering  from  the 
silica  substrate  is  markedly  attenuated  at  frequencies  below  800  cm'1.  The 
broad  feature  at  ca  800  cm-1  is,  however,  assigned  to  Raman  scattering  from 
the  glass  substrate.  For  the  other  scattering  geometry  Z(X  X)Z  substrate 
features  overwhelm  Raman  lines  from  the  thin  optical  coatings.  Therefore, 
in  all  subsequent  measurements,  the  Z(X  Y)Z  scattering  geometry  was  used. 

The  major  anatase  lines  at  145,  199,  398,  517  and  639  cm_i  and  rutile  features 
at  244,  440  and  610  cm'1  previously  assigned  clearly  distinguish  the  two 
crystalline  phases  (Refs.  11  and  12). 
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The  equilibrium  damage  state  was  characterized  by  Raman  mea¬ 
surements  of  both  anatase  and  rutile  optical  coatings  subjected  to  532  nm 
pulsed  irradiation  from  an  Nd:YAG  laser.  When  the  damage  threshold  for  rutile 
coatings  was  exceeded,  measured  Raman  spectra  at  long  times  following  the 
damage  pulse  were  qualitatively  similar  to  the  undamaged  coatings;  however, 
band  intensities  were  lower  than  for  the  undamaged  samples  (Fig.  9).  While  no 
change  in  crystalline  phase  was  detected,  the  lower  band  intensities  indicate 
removal  of  Ti02  by  the  damage  laser  pulse.  Since  Raman  band  intensities  cor¬ 
relate  with  coating  thickness,  depth  profiling  of  the  damaged  area  is  possible 
and  has  been  determined  for  several  samples. 

Subtle  changes  in  band  positions  and  bandwidths  were  observed 
in  Raman  spectra  of  anatase  coatings  following  the  damage  pulse.  As  seen  in 
Fig.  10,  all  major  features  are  significantly  broadened  and  reduced  in  inten¬ 
sity.  The  major  145  cm"1  band  appears  at  the  higher  frequency  following  damage 
while  features  above  300  cm  1  appear  at  slightly  lower  frequencies.  Following 
damage,  the  398  cm-1  band  shows  a  weak  shoulder  at  higher  frequencies,  and 
the  639  cm-1  band  appears  broadened  to  the  low  frequency  side.  These  are 
regions  where  Raman  scattering  attributed  to  the  rutile  phase  is  expected. 

The  145  cm"1  band  has  been  observed  to  increase  in  frequency 
as  a  function  of  increased  hydrostatic  pressure  (Ref.  13).  An  increase  in 
frequency  for  this  mode  is  also  observed  following  damage  by  a  single  532  nm 
pulse  near  threshold  damage  energy.  Based  on  pressure  dependent  measurements, 
the  observed  frequency  shift  can  be  correlated  with  an  imposed  pressure  of 
10  kbar.  Therefore,  results  can  be  interpreted  in  terms  of  a  laser  induced 
pressure  wave  which  distorts  the  crystalline  lattice,  thereby,  locking  in  the 
high  pressure  (higher  density)  phase.  Continued  laser  damage  at  this  damage 
zone  is  eventually  expected  to  form  a  stable  high  density  phase  of  Ti02. 

Figure  11  shows  substantial  rutile  content  in  the  damage  zone  following  multipl 
laser  pulse  damage  to  the  same  area. 

Results  from  such  measurements  suggest  that  for  a  constant 
laser  damage  energy  and  similar  coating  thickness,  rutile  coatings  appear  to 
have  a  signi ficantly  higher  damage  threshold  than  anatase  coatings.  In  addi¬ 
tion,  the  extent  of  coating  removed  depends  on  the  laser  pulse  energy  and 
coating  thickness.  Multiple  pulses  on  the  same  area  remove  successively  less 
and  less  coating  eventually  converging  to  a  limit.  The  488  nm  Ar+  probe  laser 
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(1  W  CW)  was  found  not  to  damage  these  rutile  or  anatase  coatings  even  when 
focused  to  a  50  urn  spot  size  at  the  sample. 

Mixed  rutile/anatase  coatings  also  appear  to  damage  more 
readily  than  pure  rutile  coatings  alone.  Following  damage,  the  rutile/anatase 
ratio  has  significantly  increased  suggesting  selective  transformation  of 
anatase  to  rutile. 

Finally,  the  applicability  of  using  Raman  spectroscopy  to 
spatially  profile  the  laser  induced  damage  zone  is  demonstrated  in  Fig.  12. 

The  intensity  ratio  of  the  145  cm  1  band  before  and  after  damage  is  plotted 
as  a  function  of  distance  from  the  damage  zone  center.  For  this  measurement, 
the  probe  laser  spot  size  was  25  ym  in  diameter  and  the  damage  zone  had  a 
diameter  of  500  ym.  Higher  resolution  is  possible  (1  pm)  with  proper  focusing 
optics.  The  intensity  ratio  corresponds  to  a  relative  coating  thickness 
measurement;  however,  the  technique  could  also  be  used  to  profile  the  phase 
composition  across  the  damage  zone  in  cases  where  multiple  crystalline  or 
amorphous  phases  are  known  to  exist. 

3.1.2  HIGH  TEMPERATURE  MEASUREMENTS 

The  effect  of  temperature  on  phase  stability  of  sputtered 
Ti02  optical  coatings  was  investigated  using  10.6  urn  radiation  from  a  CW  C02 
laser  as  a  heating  source.  For  this  measurement,  a  colinear  pulsed  Nd:YAG 
laser  operated  at  low  pulse  energy  served  as  a  Raman  probe.  To  suppress 
sample  blackbody  emission  at  high  temperatures,  a  gated  detection  scheme  was 
used  and  the  detector  opening  was  synchronized  to  the  laser  pulse.  Since  the 
normal  Raman  effect  is  a  spontaneous  process,  effective  rejection  of  sample 
blackbody  radiation  at  high  temperature  is  achieved. 

Rutile  coatings  exhibited  no  phase  changes  during  heating  to 
nearly  1500°C.  However,  significant  band  shifts  to  lower  frequency  were 
measured.  For  instance,  the  alq  mode  at  610  cm-1  at  initial  room  temperature 
spectrum  is  recovered  as  shown  in  Fig.  13. 

Anatase  coatings  exhibited  a  rather  different  response  to 
temperature  as  shown  in  Fig.  14.  An  irreversible  phase  transition  to  the  rutile 
crystalline  form  occurs  at  a  temperature  below  910°C.  This  is  consistent  with 
equilibrium  thermodynamics  which  predicts  a  phase  transition  in  this  tempera¬ 
ture  region.  However,  when  the  coating  is  cooled  down  to  room  temperature. 
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the  rutile  phase  persists.  The  phase  change  is  accompanied  by  a  significant 
change  in  density,  which  leads  to  swelling  and  eventual  microcrack  formation 
in  the  coating. 

Other  oxidic  coating  materials  also  undergo  reversible  phase 
transformations  as  a  function  of  temperature  as  shown  in  Fig.  15  for  a  Zr02 
coating  on  a  metal  substrate.  The  monoclinic,  tetragonal  and  cubic  phases 
of  this  material  exhibit  unique  Raman  spectra  that  characterize  each  phase. 

3.2  TRANSIENT  MEASUREMENTS-TIME  RESOLVED  RAMAN  SPECTROSCOPY 

The  Raman  experiments  discussed  previously  were  designed  to  char¬ 
acterize  equilibrium  damage  to  optical  coatings  induced  by  pulsed  high  energy 
laser  irradiation.  A  second  group  of  experiments  was  performed  to  character¬ 
ize  the  nonequilibrium  state  immediately  following  irradiation  by  a  high 
energy  laser  pulse  in  a  regime  where  equilibrium  thermodynamics  does  not 
apply.  The  first  series  of  experiments  involved  measuring  Raman  spectra 
separated  in  time  by  increments  of  10  ms  following  the  532  nm  Nd : YAG  laser 
damage  pulse.  The  488  nm  CW  Ar+  laser  line  was  used  as  the  Raman  probe. 

Below  damage  threshold  for  any  coating  Raman  spectra  acquired  at  10  ms  inter- 
'als  are  identical.  When  anatase  coatings  incur  damage,  a  rapid  intensity 
rise  near  the  exciting  line  is  observed;  however,  the  major  anatase  lines  are 
still  evident  albeit  at  lower  intensity  in  all  subsequent  spectra.  Results 
for  rutile  coatings  are  shown  in  Fig.  16.  At  10  ms  following  the  damage  pulse, 
the  low  frequency  intensity  rise  is  evident.  However,  the  rutile  vibrational 
lines  are  not  seen.  Rather,  the  640  cm"1  e  anatase  line  is  observed.  At 

g 

longer  times,  the  rutile  spectrum  recovers,  again  at  a  lower  intensity  than 
the  undamaged  coating.  An  apparent  reversible  phase  transition  to  an  anatase- 
like  phase  has  occurred. 

This  experiment  was  repeated  using  1064  nm  pulsed  radiation  from  a 
Nd:YAG  laser  to  create  surface  damage,  and  the  488  nm  Ar+  laser  line  to  probe 
the  damage  site.  (The  damage  and  probe  beam  were  combined  at  a  multi-element 
air-spaced  etalon.)  Spectra  recorded  at  10  ms  intervals  exhibited  the  same 
trends  as  observed  using  the  frequency  doubled  532  nm  line  from  the  Nd:YAG 
laser  to  create  lasei  damage  in  the  coating. 

The  existence  of  an  anatase-like  phase  at  short  times  following 
laser  damage  to  rutile  coatings  is  further  supported  by  data  depicted  in 
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Fig.  17.  Spectra  were  recorded  as  a  function  of  a  detector  delay  for  a  single 
Nd:YAG  laser  pulse  that  served  to  both  induce  damage  and  act  as  the  Raman 
probe.  Spectra  were  acquired  for  detector  delays  up  to  several  hundred  nano¬ 
seconds.  Evidence  of  an  anatase-1 ike  phase  persists  even  at  detector  delay 
times  in  excess  of  several  hundred  nanoseconds.  At  lower  pulse  energy  below 
damage  threshold  conditions,  only  the  rutile  spectrum  is  measured  at  zero 
detector  delay.  For  longer  detector  delay  times,  no  Raman  signal  can  be 
detected. 

Similar  results  have  been  observed  using  optically  delayed  laser 
pulses  of  high  (damage)  and  low  (probe)  energy  separated  in  time.  With  no 
delay  between  damage  and  probe  beams,  the  640  cm"1  band  is  observed  in  both 
Stokes  and  anti-Stokes  spectra  verifying  that  it  is  indeed  a  vibrational 
feature.  The  reversible  transformation  from  the  starting  rutile  phase  to 
an  anatase-1 ike  phase  must  occur  rapidly.  Stokes  and  anti-Stokes  spectra 
recorded  jsing  a  probe  pulse  delayed  in  time  by  20  nm  still  reveal  the 
640  cm  band.  However,  at  long  times  following  the  damage  event,  the  rutile 
spectrum  has  completely  recovered,  and  no  trace  of  the  640  cm-1anatase  line 
is  observed. 

4.0  MECHANISTICS  OF  LASER  DAMAGE  TO  TiQ2  COATINGS 

Measured  Raman  spectra  under  equilibrium  and  nonequilibrium  conditions 
provide  sufficient  structural  information  to  formulate  a  model  for  the  laser 
damage  process  in  Ti02  optical  coatings.  The  relative  instability  of  anatase 
coatings  under  laser  damage  conditions  results  from  the  observed  irreversible 
phase  transformation  to  the  rutile  phase  at  temperatures  below  910° C.  Local¬ 
ized  heating  from  the  laser  damage  pulse  stimulates  the  phase  transition. 
Induced  swelling  at  the  damage  spot  leads  to  lattice  mismatch  and  localized 
fracturing  of  the  surface.  Vestiges  of  the  rutile  phase  are  transported  away 
from  the  damage  center.  The  remaining  anatase,  not  having  enough  thermal 
energy  to  change  phases,  persists  at  long  times  exhibiting  lower  intensity 
Raman  lines  than  the  undamaged  starting  material . 

A  slightly  different  mechanism  is  proposed  to  explain  laser  damage 
phenomena  in  rutile  coatings,  which  exhibit  a  higher  damage  threshold  than 
the  anatase  coatings.  The  rutile  phase  undergoes  no  detectable  phase  transi¬ 
tion  at  temperatures  below  ca  1500°C.  Raman  observed  band  shifts  to  lower 
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frequencies  indicate  localized  bond  length  increases  which  can  result  in 
bulk  swelling.  These  changes  are  reversible,  however,  and  should  not  contri¬ 
bute  to  the  damage  process.  However,  time  resolved  Raman  measurements  reveal 
features  characteristic  of  the  anatase  phase  for  spectra  acquired  soon  after 
the  damage  laser  pulse  has  encountered  the  surface.  Since  this  phase  transi¬ 
tion  (rutile-anatase)  does  not  occur  under  equilibrium  conditions,  a  nonequi¬ 
librium  explanation  is  in  order. 

High  energy  laser  irradiation  of  materials  can  give  rise  to  electronic 
excitation  through  multiphoton  processes  (Ref.  14).  Vibrational  energy  levels 
may  still  be  populated  as  in  the  ground  state  since  the  excitation  process  is 
rapid.  Time  resolved  measurements  will  then  probe  the  excited  electronic 
state. 

An  elementary  molecular  orbital  treatment  of  titanium  localized  in  an 

octahedral  oxygen  environment  suggests  that  the  filled  sigma  bonding  molecular 

orbitals  between  titanium  and  oxygen  ligands  are  of  aiq,  tiy  and  e  symmetry 

y  9 

(Ref.  15).  Theoretical  band  structure  calculations  for  rutile  conclude  that 
the  upper  valence  band  has  a  predominant  0-2p  orbital  character  whereas  the 
conduction  band  of  Ti02  is  derived  mainly  from  Ti-3d  states  (Ref.  16).  There¬ 
fore,  excitation  of  a  bonding  electron  from  the  highest  occupied  eg  state  to 
an  antibonding  tiy*  state  which  is  strongly  allowed  would  tend  to  weaken  the 
bonding  between  titanium  and  oxygen.  Electron  repulsion  effects  would  act  to 
perturb  the  octahedral  structure  forcing  the  square  planar  oxygen  arrangement 
to  distort.  The  resulting  puckered  structure  in  the  excited  state  of  rutile 
is  qualitatively  similar  to  the  structure  of  the  anatase  ground  state.  There¬ 
fore,  the  Raman  spectrum  of  the  excited  rutile  state  should  exhibit  similar 
features  to  the  normal  Raman  spectrum  of  anatase.  When  the  excited  electron 
relaxes  back  to  the  ground  state,  the  rutile  structure  is  recovered.  In  this 
nonequilibrium  case,  the  electronic  transition  causes  a  phase  change  as 
opposed  to  the  equilibrium  thermally  induced  phase  change  for  anatase.  The 
higher  damage  threshold  of  rutile  coatings  may  result  from  the  fact  that  a 
significant  amount  of  the  laser  damage  energy  is  stored  in  the  excited  elec¬ 
tronic  state,  whereas  in  anatase,  the  energy  may  rapidly  be  thermal ized  lead¬ 
ing  to  the  irreversible  phase  transformation. 
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The  persistence  of  the  Raman  spectrum  of  laser  damaged  rutile  coatings 
at  times  approaching  several  hundred  nanoseconds  following  the  damage  pulse 
may  be  explained  in  terms  of  resonance  enhancement  of  the  vibrational  band 
intensities.  It  has  been  demonstrated  that  under  resonance  excitation  of  I2, 
Raman  spectra  can  be  recorded  from  a  single  laser  pulse  at  detector  delay 
times  approaching  1  ms  (Ref.  17).  A  similar  mechanism  is  reasonable  when 
electron  excitation  is  induced  in  solids  by  laser  irradiation.  Figure  18  shows 

the  intensity  variation  of  the  530  cm'1  anatase-like  band  in  a  rutile  coating 
during  laser  induced  damage  as  a  function  of  detector  delay  time.  These 
results  are  in  qualitative  agreement  with  predictions  given  in  Ref.  17. 

An  alternate  explanation  involves  surface  wave  trapping  of  the  laser 
damage  pulse.  If  no  damage  is  created  by  an  incident  laser  pulse,  spontaneous 
Raman  scattering  will  occur  with  no  measurable  Raman  signal  detectable  follow¬ 
ing  the  laser  pulse.  If,  however,  the  dielectric  coating  is  damaged,  the 
laser  pulse  can  become  trapped  between  coating  and  substrate  undergoing  multi¬ 
ple  internal  reflection  and  producing  Raman  scattering  during  the  time  the 
pulse  is  trapped.  To  test  this  idea,  additional  measurements  will  have  to  be 
made  on  laser  damaged  coatings. 

5.0  CONCLUSIONS 

Raman  studies  of  laser  induced  damage  in  TiOz  optical  coatings  were 
undertaken  to  provide  molecular  structural  information  for  understanding  the 
damage  process.  Anatase  coatings,  determined  to  have  a  lower  damage  threshold 
than  rutile,  fail  by  virtue  of  an  irreversible  phase  transition  to  the  rutilp 
structure  at  temperatures  below  910°C.  Rutile  accommodates  energy  in  an 
excited  electronic  state  resulting  in  a  nonequilibrium  phase  transformation 
to  an  anatase-like  state.  Both  coatings  apparently  fail  by  selective  removal 
of  the  anatase  phase  from  the  coating. 

In  addition  to  structural  considerations  of  the  coating,  substrate  effects 
may  also  be  important  in  understanding  the  mechanism  responsible  for  coating 
failure.  Figure  19  shows  measurable  damage  to  a  silica  substrate  as  a  function 
of  the  number  of  laser  shots.  The  laser  induced  polarization  intensity  changes 
result  from  microscopic  surface  damage  (microcracks,  density  fluctuations) 
which  act  to  scramble  the  polarization  of  the  probe  laser  beam. 
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Substrate  damage  could  lead  to  optical  coating  failure  by  other  mechan¬ 
isms  and  suggests  another  topic  for  additional  work  in  this  area.  Raman 
techniques  will  be  applied  to  laser  damage  studies  of  other  coatings  such  as 
Zr02  and  multilayer  designs  in  future  work  where  attention  to  the  coating- 
substrate  interaction  will  also  be  focused. 

Preliminary  measurements  for  single  layer  Zr02  coatings  on  metal  sub¬ 
strates  are  shown  in  Fig.  20.  Raman  spectra  are  recorded  as  a  function  of 
relative  laser  pulse  energy  at  532  nm.  As  the  pulse  energy  increases,  rever¬ 
sible  transformation  from  monoclinic  Zr02  to  tetragonal  Zr02  to  cubic  Zr02 
(a  single  Raman  line  near  550  cm-1)  can  be  discerned.  The  existence  of  multi¬ 
ple  phases  suggests  similar  failure  mechanisms  as  observed  for  Ti02  coatings 
but  further  work  is  necessary  to  confirm  these  ideas. 
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Figure  1.  Hypothetical  laser  damage  mechanisms  with  estimated 
relaxation  times. 
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Silica  Substrate 
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Figure  2.  Raman  spectra  of  an  uncoated  vitreous  SiC2  substrate.  The 

standard  scattering  geometry  designation  is  based  upon  a  coordi¬ 
nate  system  defined  at  the  sample  where  Z  and  Z  are  the  incident 
and  scattered  laser  directions  and  X  and  Y  define  which  component 
of  the  electric  field  is  transmitted  by  the  analyzer. 
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Figure  5.  Localized  molecular  structures  of  rutile  and  anatase 
phases  of  Ti02  . 
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Figure  6.  Backscatteri ng  geometry  for  raman  experiment  with  damage/heating  and 
probe  beams  col  inear. 
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Figure  8.  Photomicrographs  of  T i02  coatings  subjected  to  pulsed  532  nm 
irradiation  above  damage  threshold  (100X  magnification). 
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Figure  9.  Laser  induced  damage  in  a  single  layer  (0.9  urn)  Ti02 
(rutile)  coating  on  silica. 
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Figure  10.  Raman  spectra  of  a  9587°A  anatase  film  on  silica  before  and 
after  exposure  to  a  single  532  nm  high  energy  pulse. 
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Figure  13.  Temperature  dependent  raman  spectra  of  rutile  using  a  C0; 
laser  as  the  localized  heating  source. 

25 


INTENSITY 


AFWL-TN-84-72 


Anatose 

C02  Laeer  Heating 
532  rwn  Nd-YAG  Probe 


.  2S*C  (before  heating) 


.  25*C  (after  healing) 


WAVENUMBERS 


Figure  14.  Raman  spectra  taken  during  an  equilibrium  CO; 

laser  heating  experiment  showing  irreversible 
transformation  of  anatase  to  rutile  at  ca , 
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Figure  15.  Reversible  phase  transformations  in  C02  laser  heated  Zr02 
deposited  on  a  metal  substrate. 
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Figure  16.  Time  resolved  raman  spectra  of  a  rutile  coating  subjected 
to  a  high  energy  laser  damage  pulse  showing  reversible 
transformation  to  an  anatase-like  phase.  Spectra  were 
acquired  under  CW  Ar+  excitation  on  a  millisecond  time 
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Figure  18.  Intensity  variation  of  the  530  cm”  anatase-like  band 

in  a  rutile  coating  during  laser  induced  damage  (532  nm) 
as  a  function  of  detector  delay  time, 
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